Inhibition of PARP activity results in extreme sensitization to MMS-induced cell killing in cultured mouse fibroblasts. In these MMS-treated cells, PARP inhibition is accompanied by an accumulation of S-phase cells that requires signaling by the checkpoint kinase ATR (Horton et al. (2005) J. Biol. Chem., 280, 15773-15785). Here, we examined mouse fibroblast extracts for formation of a complex that may reflect association between the damage responsive proteins PARP-1 and ATR. Coimmunoprecipitation of PARP-1 and ATR was observed in extracts prepared from MMS-treated cells, but not under conditions of PARP inhibition. Further, our experiments demonstrated PARadduction of ATR in extracts from control and MMS-treated cells. An interaction between purified ATR and PARP-1 was similarly demonstrated, suggesting that the observed co-immunoprecipitation of ATR and PARP-1 from cell extracts may be due to a direct interaction between the two enzymes. In addition, purified recombinant ATR is a substrate for poly(ADP-ribosyl)ation by PARP-1, and poly(ADP-ribose) (PAR) adduction of PARP-1 and ATR resulted in an increase in PARP-1 and ATR co-immunoprecipitation.
Introduction
Methylating agents of the S N 2 type, such as methyl methanesulfonate (MMS), show a preference for methylation at nucleophilic nitrogens of DNA purine bases [1] . The base excision repair (BER) pathway responds to these modifications by excision of methylated bases with a damage-specific DNA glycosylase and replacing them with normal undamaged bases [2, 3] . The mechanism of BER results in formation of various cytotoxic DNA intermediates that are passed from one step to the next during repair without triggering a cytotoxic DNA damage response [4, 5] . However, if BER intermediates persist when cells enter S-phase, these intermediates may trigger signaling for a replication checkpoint [6] . It is known that such checkpoint signaling is not active in wild-type repair proficient mouse fibroblasts that have been exposed to a minimal sub-lethal concentration of MMS [7] .
Poly(ADP-ribose) polymerase-1 (PARP-1) is an abundant and constitutively expressed enzyme that detects and binds to DNA nicks and strand breaks, including those formed during BER [8, 9] . Once bound to DNA, PARP-1 is strongly activated for poly(ADP-ribose) (PAR) synthesis, adducting itself and a number of other nuclear proteins [10, 11] . Although PARP-1 is only one of many PARP isoforms, it is thought to contribute the majority (∼90%) of the PAR adducting activity in the cell [12] . As a consequence of PAR automodification, PARP-1 is released from its binding site on DNA allowing repair to continue. Inhibition of PARP activity in MMS-treated mouse fibroblasts by 4-amino-1,8-naphthalimide (4-AN) results in dramatic sensitization to MMS and cell death by apoptosis [13] . The results suggest that PARP inhibition prevents the normally efficient repair of MMS-induced strand breaks [14, 15] .
Mechanisms of ATM (ataxia telangiectasia-mutated)-and ATR (ATM and Rad3-related)-dependent checkpoint signaling after DNA damage by ionizing or UV irradiation have been investigated extensively [16, 17] . Considerable information is also available regarding DNA damage checkpoints resulting from alkylating agent-induced DNA strand breaks [18] [19] [20] . For example, it is known that ATR signals replication fork stalling following formation of singlestranded DNA (ssDNA) during BER of alkylated base lesions [21] . In mouse fibroblasts treated with a low dose of MMS combined with the PARP inhibitor 4-AN, there is a rapid block in DNA synthesis followed by a prolonged S-phase arrest accompanied by phosphorylation of Chk1 [7] . Caffeine, an inhibitor of ATR and ATM kinase activities [22] , abrogated the S-phase arrest and also blocked phosphorylation of Chk1 [7] , an essential downstream kinase primarily regulated by ATR [23] . Since both ATR and Chk1 are known to be involved in signaling a replication checkpoint for stalled replication forks [23] , we proposed that DNA bound, activityinhibited, PARP-1 triggered a replication block, and that the persistence of the S-phase arrest required ATR/Chk1-mediated signaling [7] . Signaling is activated in these MMS-treated cells only when PARP-1 is inhibited [7] , and inhibition of PARP activity is known to result in increased levels of MMS-induced DNA strand breaks [24] . Activation of PARP-1, release of the protein from DNA, as well as the associated enhanced repair of DNA damage may prevent checkpoint signaling under these conditions. An interaction between ATM and PAR-adducted PARP-1 has already been demonstrated, and in addition PARP-1 activity modulates the activation of ATM kinase [25, 26] . Given that both ATR and PARP-1 are associated with the cellular response to MMS, we now examine the possibility that ATR and PARP-1 may also exist as a complex in mouse cells. We show that these proteins can be co-immunoprecipitated from extract of untreated control cells, but that the interaction intensifies when cells are treated with MMS. Interestingly, this coimmunoprecipitation was blocked by co-treatment with a PARP inhibitor. An interaction between purified ATR and PARP-1 was similarly demonstrated, suggesting that the observed co-immunoprecipitation of ATR and PARP-1 from cell extracts may be due to a direct interaction between the two enzymes.
Materials and methods

Materials
Dulbecco's modified Eagle's medium (DMEM), GlutaMAX-1 and L-glutamine were from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) was from HyClone (Logan, UT), and hygromycin B from Roche Molecular Biochemicals (Indianapolis, IN). MMS and the PARP inhibitors 4-AN and PJ-34 were obtained from Sigma-Aldrich (St. Louis, MO).
Anti-ATR (sc-1887) affinity purified goat polyclonal antibody was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), anti-ATR mouse monoclonal antibody to human ATR (MS-ATR11-PX1) was from GeneTex, Inc. (San Antonio, TX) and anti-PARP-1 rabbit polyclonal antibody (ALX-210-222) from Alexis Biochemicals (San Diego, CA). Mouse anti-human PARP-1 monoclonal antibody (556494) was from BD Biosciences Pharmingen (San Jose, CA) and anti-PAR mouse monoclonal antibody (4335-MC-100) was from Trevigen (Gaithersburg, MD). Normal goat (for ATR) IgG-AC (sc-2346) and normal rabbit (for PARP-1) IgG-AC (sc-2345) were obtained from Santa Cruz and used for immunoprecipitation controls. Normal mouse IgG-HRP (sc2748) was obtained from Santa Cruz and used as a negative control for immunoblotting.
Anti-Rad9 mouse monoclonal antibody (IMG-164) was from Imgenex (San Diego, CA) and anti-replication protein A (RPA) mouse monoclonal antibody (RPA34-20) was from Oncogene (Cambridge, MA). Anti-Chk1 (sc-8408) mouse monoclonal antibody was purchased from Santa Cruz Biotechnology, Inc., anti-phospho-Chk1 (serine345) polyclonal antibody (2348S) from Cell Signaling (Beverly, MA), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from Alpha Diagnostic International, Inc. San Antonio, TX.
Restore Western Blot Stripping Buffer and Super Signal West Pico Chemiluminescent substrate were from Pierce Biotechnology, Inc. (Rockford, IL). Western Lightning Chemiluminescence Reagent Plus was from Perkin Elmer Life Sciences, Inc. (Boston, MA). The mouse IgG secondary antibody was goat anti-mouse IgG (H+L) binding grade affinity purified horseradish peroxidase (HRP) conjugate, and the rabbit IgG secondary antibody was goat anti-rabbit IgG (H+L)-HRP conjugate, both from Bio-Rad Laboratories (Hercules, CA). Protein A-sepharose CL-4B was from GE Healthcare Life Sciences (Piscataway, NJ). Protein G-agarose and protease inhibitor complete (EDTA-free) were from Roche Diagnostics Corporation (Indianapolis, IN). Leupeptin, aprotinin, and phenylmethylsulfonyl fluoride (PMSF) were from Calbiochem (La Jolla, CA).
Cell lines
The cell line used was a clone of the wild-type mouse fibroblast cell line M16tsA and has been described previously [5] . Cells were routinely grown at 34 °C in a 10% CO 2 incubator in DMEM supplemented with GlutaMAX-1, 10% FBS, and hygromycin (80 μg/ml). PARP-1 +/ + and PARP-1 -/-spontaneously immortalized mouse embryonic fibroblasts [27] were obtained from Dr. Josianne Ménissier-de Murcia (CNRS, Illkirch-Graffenstaden, France). These cells were cultured at 37 °C in a 10% CO 2 incubator in DMEM containing L-glutamine and 10% FBS. All cells were routinely tested and found to be free of mycoplasma contamination.
Extract preparation, co-immunoprecipitation and immunoblotting of extracts
Cells (either treated as described, or control, untreated) were washed in phosphate buffered saline (PBS) and collected by scraping, suspended in two volumes of lysis buffer (50 mM TrisHCl, pH 7.5, 150 mM NaCl, 25 mM NaF, 0.1 mM sodium orthovanadate, 0.2% Triton X-100, and 0.3% NP-40) containing protease inhibitors, 0.1 mM PMSF, 1 μg/ml aprotinin, and 5 μg/ ml leupeptin [28] and incubated on ice for 30 min. After agitating the tubes briefly, the lysates were centrifuged at 20,800 × g for 30 min at 4 °C, and the supernatant fraction (extract) was divided into aliquots and stored at −80 °C. The protein concentrations of the extracts (typically approximately 6 mg/ml) were determined using the Bio-Rad protein assay with bovine serum albumin as standard.
For co-immunoprecipitations, an equal amount (1 mg protein) of each cell extract was mixed with 1-2 μg of affinity purified anti-ATR goat polyclonal antibody. The mixture was incubated with rotation for 4 h at 4 °C. The immunocomplexes were adsorbed onto protein A-sepharose and protein G-agarose beads (1:1 mixture) by incubating the mixture for 16 h at 4 °C. The beads were then washed four times with lysis buffer containing protease inhibitors. Finally, the beads were resuspended in SDS sample buffer, heated at 95 °C for 5 min, and briefly centrifuged. The soluble proteins were separated by electrophoresis on 6% SDS-polyacrylamide gels in Tris-glycine buffer as described previously [7] . The proteins were then transferred to a nitrocellulose membrane (overnight at 25V).
The membrane was blocked with 5% nonfat dry milk in Tris-buffered saline (TBS) containing 0.1% (v/v) Tween-20 (TBS-T) and first probed with anti-PARP-1 monoclonal antibody (1:1,000 dilution). Goat anti-mouse IgG conjugated to HRP (1:10,000 dilution) was used as secondary antibody, and immobilized HRP activity was detected by enhanced chemiluminescence (ECL). The blot was stripped by incubating with buffer containing 62.5 mM Tris-HCl, pH 6.8, 100 mM β-mercaptoethanol, and 1% SDS for 30 min at 50 °C, then washed twice for 30 min with room temperature TBS-T, or with Restore Western Blot Stripping Buffer as suggested by the manufacturer (Pierce Biotechnology, Inc.). The presence of ATR was confirmed by probing with mouse anti-ATR monoclonal antibody (1:1,000) . Similarly, the cell extract was immunoprecipitated with anti-PARP-1 rabbit polyclonal antibody as described above, and the blot was probed first with anti-ATR mouse monoclonal antibody. After stripping the blot, the presence of PARP-1 was confirmed using anti-PARP-1 mouse monoclonal antibody. In some control experiments, the immunoprecipitating antibody was substituted with normal goat or rabbit agarose-conjugated IgG. As a loading control, we compared the presence of goat or rabbit heavy chain IgG in the immunoprecipitate samples. Cell extract (20 μg) without immunoprecipitation was also used as a source of marker proteins (Input) and was submitted directly to SDS-PAGE and immunoblotting as presented in the figures. Where indicated, the intensity of the immunoblotted bands was measured using ImageQuant TL software (GE Healthcare).
In other experiments, cell extract was immunoprecipitated with anti-ATR goat polyclonal antibody and the blot was probed with anti-PAR monoclonal antibody. Similarly, cell extracts were immunoprecipitated with anti-PAR mouse monoclonal antibody and the blot was probed with anti-ATR goat polyclonal antibody. Other experiments involved immunoprecipitation with anti-ATR antibody and probing of the blot with antibodies to Rad9 or RPA.
Cell lysates (40 μg) prepared from control and treated cells were also directly separated by 4-12% SDS-PAGE. After transfer and blocking as described above, the blots were first probed with anti-phospho-Chk1 polyclonal antibody (1:1,000 dilution), and then, after stripping, with anti-Chk1 monoclonal antibody (1:1,000 dilution). Finally, as a loading control, blots were probed for GAPDH. In each case, proteins were detected by ECL following incubation with secondary antibody conjugated to HRP.
Expression and purification of recombinant proteins
Human kidney HEK293T cells were grown in DMEM supplemented with 10% FBS and 100 U/ml of penicillin and streptomycin. Cells (8 × 10 6 /225-cm 2 flask) were transfected with 25 μg of pcDNA3-Flag-ATR plasmid, a gift from Dr. Aziz Sancar [29] . Briefly, 48 h after transfection, cells were washed with PBS and lysed in 5 ml of lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM β-glycerophosphate, 10% glycerol, 1% Tween 20, 0.1% NP-40, 1 mM sodium orthovanadate, 1 mM NaF, and protease inhibitors) for 30 min on ice. The supernatant fraction obtained after centrifugation at 32,000 x g for 30 min was incubated at 4°C overnight with 40 μl of anti-Flag antibody-affinity gel beads previously washed in TBS. The Flag-ATR-bound beads were washed three times with 1.5 ml of TBS, then once with 1.5 ml TBS plus 1 M NaCl, and then once with 1.5 ml TBS. ATR bound to the beads was eluted with 200 μl elution buffer containing 200 μg/ml Flag peptide, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, and 1 mM dithiothreitol. The eluted fraction was collected following centrifugation, and the purified ATR protein sample was divided into aliquots and stored at -80 °C. Recombinant human wild-type PARP-1 was expressed and purified as described previously by an adaptation of published methodology [9, 30, 31] . The catalytically inactive Lys893 mutant of PARP-1 has been described previously [32] and was a generous gift from Dr. Eric Ackerman (Pacific Northwest National Laboratory, Richland, WA).
Poly(ADP-ribosyl)ation of ATR in vitro by purified recombinant PARP-1
The poly(ADP-ribosyl)ation reaction was performed as described previously [33] . Briefly, wild-type or inactive mutant PARP-1 (15 nM) or ATR (20 nM) alone, or a mixture of proteins, was incubated in a reaction mixture (final volume 50 μl) containing 50 mM Tris-HCl, pH 7.8, 25 mM MgCl 2 , 1 mM DTT, 4 μg nicked calf thymus DNA, and 100 μM NAD + . The incubation was carried out at 37 °C for 30 min and the reaction terminated by addition of SDS sample buffer. The solution was heated for 5 min at 95 °C, and proteins were separated by 6% SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was incubated with 5% nonfat dry milk in TBS-T and probed with anti-PAR monoclonal antibody (1:1,000 dilution). Goat anti-mouse IgG conjugated to HRP (1:8,000 dilution) was used as secondary antibody, and immobilized HRP activity was detected by ECL. The blot was stripped and the presence of ATR was confirmed with mouse anti-ATR monoclonal antibody. The filter was stripped a second time and re-probed with anti-PARP-1 monoclonal antibody.
Co-immunoprecipitation of purified ATR and PARP-1 proteins
A pre-incubation of purified recombinant ATR and PARP-1 proteins for 30 min at 37 °C with or without NAD + was conducted to determine the effect of poly(ADP-ribosyl)ation on the coimmunoprecipitation. Then co-immunoprecipitation was performed in the presence of binding buffer (25 mM Tris, pH 8.0, 10% glycerol, 100 mM NaCl, 0.01% NP40) containing protease inhibitors, 0.1 mM PMSF, 1 μg/ml aprotinin and 5 μg/ml leupeptin. In other experiments, NaCl concentrations of 200 and 300 mM were also used. To a mixture of 1.5 μM PARP-1 and 1.5 μM ATR in a final volume of 50 μl, either anti-PARP-1 rabbit polyclonal antibody or anti-ATR goat polyclonal antibody was added, and the mixture was incubated with rotation for 4 h at 4 °C. The protein complexes then were adsorbed onto protein A-sepharose and protein Gagarose beads by incubating the mixture overnight at 4 °C in a final volume of 500 μl of binding buffer. The beads were collected by centrifugation and washed four times with binding buffer containing protease inhibitors. The beads were then suspended in SDS-sample buffer and heated for 5 min at 95 °C. The soluble proteins were separated by 6% SDS-PAGE and the transferred blot was probed with anti-PARP-1 monoclonal antibody or anti-ATR monoclonal antibody as described above. The blots were then stripped and the presence of ATR or PARP-1 was confirmed by incubating the membrane with the respective primary mouse monoclonal antibodies followed by incubation with secondary anti-mouse antibody. The poly (ADPribosyl)ation reaction was monitored by probing the blots with anti-PAR antibody.
Results
Co-immunoprecipitation of ATR and PARP-1 from cell extracts
The PAR synthesis activity of PARP-1 is triggered following its binding to DNA strand breaks, including those generated during BER [34] . Since ATR is an apical checkpoint protein kinase responding to MMS-induced DNA damage that includes strand breaks [18] , we investigated the possibility of complex formation between the damage responsive proteins ATR and PARP-1. Experiments were conducted with the same wild-type mouse fibroblast cell line that had been characterized earlier for cell cycle arrest as a function of MMS exposure in the presence and absence of the PARP inhibitor 4-AN [7] .
Whole cell extracts were prepared at 2 h from logarithmically growing cells treated with MMS (0.25 mM for 1 h followed by 1 h incubation in drug-free medium) or medium alone as a control. In the first experiments, the extracts were immunoprecipitated with an antibody against ATR, or with normal goat agarose-conjugated IgG as a control, and the immunoprecipitated fractions were subjected to SDS-PAGE and immunoblotting with anti-PARP-1 or anti-ATR antibodies, or with normal IgG as a negative control. PARP-1 was found to coimmunoprecipitate with ATR from both cell extracts, however, the level of PARP-1 immunoprecipitated from the MMS-treated cell extract was significantly higher than that from the control cell extract (Fig. 1A , compare lane 1, top panel, of left and right panels). A plot of the intensities of the ATR immunoprecipitated and PARP-1 immunoblotted bands in control extracts compared with extracts from MMS-treated cells is presented in Figure 1B . These data confirm that the interaction between ATR and PARP-1 intensifies following treatment with MMS. The observed interaction was direct and not mediated by DNA since it was still observed in the presence of ethidium bromide (data not shown).
We next evaluated co-immunoprecipitation of ATR and PARP-1 after treatment of the same cells with UV, another agent known to induce an ATR-mediated response. Extracts from control, or MMS-or UV-treated cells were again immunoprecipitated with an antibody against ATR, or with goat IgG, used as a control. Precipitated fractions were then separated by SDS-PAGE, and immunoblotted with anti-PARP-1 and anti-ATR antibodies, or normal IgG as a negative control (Fig. 1C) . With extract derived from UV-treated cells (20 J/m 2 ), an enhanced immunoprecipitation of PARP-1 by anti-ATR antibody was observed, a result similar to that obtained following MMS treatment (Fig. 1C , top panel, compare lanes 3 and 4 with lane 2). A plot of the intensities of the ATR immunoprecipitated and PARP-1 immunoblotted bands in control extracts compared with extracts from MMS-and UV-treated cells is presented in Figure  1D .
We next asked whether inhibition of PARP activity by 4-AN would affect the increased coimmunoprecipitation of PARP-1 and ATR observed following treatment with MMS alone. Immunoprecipitation with either anti-ATR antibody ( Fig. 2A) or anti-PARP-1 antibody (Fig.  2B ) was used. PARP-1 and ATR co-immunoprecipitation was not observed in extract from cells treated with 4-AN (10 μM) alone (i.e., under conditions where PAR synthesis activity of PARP-1 is blocked; Fig. 2A and B, top panels, lane 2), and negligible PARP-1 coimmunoprecipitation was observed with the extract from cells treated with the combination of MMS and 4-AN ( Fig. 2A and B, top panels, lane 3) . Control experiments indicated this was not due to a failure of immunoprecipitation of PARP-1 and ATR, respectively, or to a lack of expression of the enzymes in these cells. Such controls included immunoprecipitation with normal goat or rabbit agarose-conjugated IgG or immunoblotting with normal IgG as negative controls, comparison of the levels of heavy chain IgG in the immunoprecipitate samples as loading controls, immunoblotting with either anti-ATR or anti-PARP-1 to verify immunoprecipitation with the primary antibody, and finally assessment of the PARP-1 and ATR levels in the extracts without immunoprecipitation ( Fig. 2A and B, bottom panels) .
Next, we carried out co-immunoprecipitation experiments with other known DNA damage sensor proteins, RPA and Rad9. Following stalling of replication forks, as well as during normal replication, extensive regions of ssDNA are exposed, and this ssDNA becomes coated with the ssDNA-binding protein RPA, which is critical for ATR checkpoint activation [35] . Rad9, part of the 9-1-1 complex, also binds to the RPA/ssDNA complex and recruits signaling proteins such as ATR [35] . We found that anti-ATR antibody was able to immunoprecipitate both Rad9 and RPA from control as well as extracts from treated mouse fibroblasts. However, the amount of each protein immunoprecipitated did not change as a function of the cell treatments (MMS, 4-AN, MMS+4-AN) used here (Fig. 2C) .
Additional control experiments were conducted to verify that co-immunoprecipitation of PARP-1 and ATR could only be observed from extracts of PARP-1-expressing mouse fibroblast cells (Fig. 3) . As expected, co-immunoprecipitation of PARP-1 and ATR was not observed when similar experiments were conducted with MMS-treated PARP-1 -/-cells, whereas the isogenic PARP-1 +/+ cells used were positive for PARP-1 and ATR coimmunoprecipitation (Fig. 3A, top panel) . Among the various conditions and cell extracts tested in this experiment and presented in Figure 3 , panels B and C, the only extract showing co-immunoprecipitation of PARP-1 and ATR was prepared from PARP-1 +/+ cells treated with MMS alone (Fig. 3B and C, top panels, lane 2). As expected, ATR could be immunoprecipitated from all of the cell extracts (Fig. 3B, middle panel) , and conversely, PARP-1 could be immunoprecipitated from the PARP-1 +/+ cell extracts, but not from the PARP-1 -/-cell extracts (Fig. 3C, middle panel) .
We next determined whether PJ-34, a more recently described potent water-soluble PARP inhibitor [36, 37] , would be as effective as 4-AN in preventing the interaction between ATR and PARP-1 observed in extracts from MMS-treated cells. The combination of MMS (0.25 mM) and PJ-34 (5 μM) used in these immunoprecipitation experiments resulted in a significant accumulation of cells in S-phase of the cell cycle (data not shown). A similar treatment protocol was used as described above for experiments with 4-AN. As shown in Figure 4A , and as discussed above, an interaction between ATR and PARP-1 was observed in ATRimmunoprecipitated extracts prepared from MMS-treated cells (Fig. 4A, top 7) . Thus inhibition of PARP activity with either 4-AN or PJ-34 was able to significantly block the interaction between ATR and PARP-1 that results following exposure of cells to a low concentration of MMS. Possibly PAR-adduction of ATR and/or PARP-1 facilitates the interaction of these two proteins.
Next we compared the interaction of ATR and PARP-1 in cells treated with low dose MMS (0.25 mM), as utilized in all the experiments described above, or with a highly toxic concentration (3 mM) of MMS. Whereas an association of ATR and PARP-1 was seen only in the absence of 4-AN for low dose MMS (Fig. 4B, top panel, compare lanes 3 and 4) , there was no detectable association between ATR and PARP-1 following treatment with 3 mM MMS either in the presence or absence of the PARP inhibitor (Fig. 4B, top panel, lanes 5 and 6) . It appears that the interaction of ATR and PARP-1 is prevented in cells receiving highly cytotoxic levels of MMS-induced DNA damage, whether PARP activity is inhibited or not.
Dose-dependent activation of Chk1 after exposure to MMS
We have shown that the S-phase arrest observed in mouse fibroblasts treated with a low dose of MMS combined with the PARP inhibitor 4-AN, is accompanied by caffeine-sensitive phosphorylation of Chk1 [7] . Follow-up experiments in human cells demonstrated that the Chk1 activation was ATR-dependent [15] . Here, we looked for appearance of phosphorylated Chk1 protein (phospho-Chk1) in cells treated with a range of concentrations of MMS in the presence (+) or absence (-) of 4-AN (Fig. 5) . As observed previously with the lowest concentrations (0.25 -1 mM) of MMS [7] , phosphorylated Chk1 was detected in cells also treated with 4-AN, but not (or at a significantly reduced level) in its absence (Fig. 5, top panel,  lanes 3 -8) . However, at higher doses of MMS (2 and 3 mM), phosphorylated Chk1 was observed both in the presence and absence of 4-AN (Fig. 5, top panel, lanes 9 -12) . The level of non-phosphorylated Chk1 protein remained constant in control, untreated cells as well as following all of the cell treatments (Fig. 5, middle panel) . Probing the blot for GAPDH demonstrated equal loading of samples (Fig. 5, bottom panel) . It appears that a highly cytotoxic concentration of MMS alone (3 mM) is sufficient to activate an ATR/Chk1-mediated damage response pathway even in the absence of PARP inhibitor.
Our results demonstrate that an ATR-mediated pathway is activated in our system following exposure to high dose MMS (3 mM) either in the presence or absence of 4-AN (Fig. 5, top panel, lanes 11 and 12) , and under treatment conditions where ATR and PARP-1 do not associate (Fig. 4B, top panel, lanes 5 and 6) . The ATR pathway is similarly activated following exposure to a minimal concentration of MMS, but only in the presence of 4-AN (Fig. 5, top  panel, compare lanes 3 and 4) . It is not activated by the same low sub-lethal concentration of MMS alone (Fig. 5, top panel, lane 3 ) under conditions where a strong interaction of ATR and PARP-1 is also observed (Fig. 4B, top panel, lane 3) . Taken together, our results suggest that the observed association of PARP and ATR prevents activation of ATR-mediated damage responses.
Poly(ADP-ribose) adduction of ATR in MMS-treated cells
The observed interaction between PARP-1 and ATR raised the possibility that PARP-1 may be able to PAR adduct ATR in MMS-treated cells. In order to evaluate this suggestion, we conducted co-immunoprecipitation experiments in cell extracts with anti-ATR and anti-PAR antibodies (Fig. 6 ). In the absence of PARP inhibitor and using extracts from control or MMStreated cells, the anti-ATR antibody precipitated PAR-containing material recognized by anti-PAR antibody in the size range of ATR (300 kDa), along with material in larger size ranges consistent with PAR-adducted ATR (Fig. 6A, top panel, lanes 1 and 2) . Similarly, the anti-PAR antibody immunoprecipitated ATR of the native protein size, and also precipitated ATR of larger mass, probably due to PAR-adduction (Fig. 6B, top panel) . More PAR-adducted protein was observed in immunoprecipitations from the extract prepared from MMS-treated cells than from the control cell extract (Fig. 6, top panel, compare lanes 1 and 2) . Thus, our experiments demonstrated PAR-adduction of ATR in extracts from control and MMS-treated cells. As expected, with extracts from cells treated with 4-AN alone or with the combination of MMS and 4-AN, no PAR-adducted material was observed in the immunoprecipitates (Fig.  6A and B, top panel, lanes 3 and 4) . In addition, less PAR-adducted protein was detected in cell extracts directly immunoblotted with PAR antibody (Fig. 6B, bottom panel) . In both ATRand PAR-immunoprecipitated extracts, normal IgG used as a negative control failed to detect ATR-or PAR-containing material, and comparison of heavy chain IgG in the immunoprecipitate samples was used as an indicator of equal loading as outlined previously ( Fig. 6A and B) .
Poly(ADP-ribose) adduction of purified PARP-1 and ATR
Next, we ascertained the ability of purified PARP-1 to poly(ADP-ribosyl)ate purified ATR in an in vitro reaction. Self-poly(ADP-ribosyl)ation was apparent in our sample of purified wildtype PARP-1 protein incubated with calf thymus DNA and NAD + (Fig. 7, lane 1 of top panel) . However, we were able to find reaction conditions and relative protein concentrations where PARP-1 self-adduction was less than PAR-adduction of ATR in reactions containing both proteins (Fig. 7, top panel, compare lanes 1 and 2) . Purified recombinant ATR incubated alone under the same experimental conditions required for achieving poly(ADP-ribosyl)ation, had no PAR-adduction detectable by immunoblotting with anti-PAR antibody (Fig. 7, lane 3 of  top panel) . Incubation of ATR with a catalytically inactive Lys893 mutant PARP-1 protein also failed to result in PAR-adduction (Fig. 7, top panel, lane 4) . The mobilites of unmodified ATR and PARP-1 proteins (300 and 116 kDa, respectively) are indicated on this top panel of Figure 7 , and immunoblotting with antibodies to ATR and PARP-1 are presented in the lower panels. These results confirm that ATR is a substrate for poly(ADP-ribosyl)ation by PARP-1.
Co-immunoprecipitation of purified ATR and PARP-1 proteins
In the next experiments, we asked whether purified ATR and PARP-1 could be coimmunoprecipitated, and whether poly(ADP-ribosyl)ation might influence this interaction. Purified human enzymes were used in co-immunoprecipitation experiments that included a pre-incubation with or without NAD + (Fig. 8) . ATR and PARP-1 were found to co-immunoprecipitate after a control pre-incubation without NAD + (Fig. 8A and B, top panels,  lane 1) . Inclusion of NAD + in the pre-incubation allowing for poly(ADP-ribosyl)ation of PARP-1 and ATR resulted in an increase in PARP-1 and ATR co-immunoprecipitation ( Fig.  8A and B, top panels, compare lanes 1 and 2) . These results suggested that the interaction between ATR and PARP-1 was stronger under conditions where both proteins can become poly(ADP-ribosyl)ated, yet note that the the immunoprecipitates contain unmodified as well as PAR-adducted protein.
To confirm poly(ADP-ribosyl)ation of PARP-1 and ATR in the NAD + -containing incubations, the blots were stripped and probed with antibody against PAR (Fig. 8A and B, bottom panels,  lane 2) . PAR-adducted protein migrating slower than unmodified PARP-1 (116 kDa) was observed for the immunoprecipitations with anti-PARP-1 antibody (Fig. 8A, bottom panel,  lane 2) . With the anti-ATR immunoprecipitations (Fig. 8B) , PAR-adduction of immunoprecipitated protein migrating slower than unmodified ATR was strong (Fig. 8B,  bottom panel, lane 2) .
The immunoprecipitation experiments presented in panels A and B of Figure 8 were conducted in buffer containing 100 mM NaCl. When using buffer containing higher salt concentrations (200 or 300 mM NaCl), co-immunoprecipitation of PARP-1 by ATR was less than in reactions containing 100 mM NaCl, but was still significant after the poly(ADP-ribosyl)ation reaction (Fig. 8C , compare lanes 4 and 6 with lane 2). At all salt concentrations, the coimmunoprecipitation was less apparent without the NAD + -containing pre-incubation (Fig. 8C,  lanes 1, 3 and 5) . The results suggest that the observed co-immunoprecipitation of purified ATR and PARP-1 was stronger when the proteins were PAR-adducted, and also that the coimmunoprecipitation from cell extracts may be due to a direct interaction between the two enzymes.
Discussion
The ATR and PARP-1 co-immunoprecipitation results presented here were obtained with a mouse fibroblast cell system that has been characterized extensively with regard to cell growth, cell cycle arrest, and apoptotic responses following treatment with MMS combined with a PARP inhibitor [7, 13] . The S-phase arrest initially observed following exposure to MMS and 4-AN was caffeine-sensitive pointing to involvement of ATM or ATR. An ATR-mediated pathway was a good candidate for this effect since it was shown that the ATR substrate Chk1 was activated, and the appearance of phosphorylated activated Chk1 was suppressed by caffeine [7] . In addition, later experiments in human cells showed that ATR inhibition through expression of kinase-dead ATR (ATRkd) blocked the MMS plus 4-AN-induced delay in progression through S-phase [15] .
Since these earlier experiments suggested sensitization to MMS by a PARP inhibitor involved ATR-mediated signaling, we now examine the possibility of an interaction between ATR and PARP-1. We were able to observe co-immunoprecipitation of these enzymes from extracts of control and, to a greater extent, MMS-treated mouse fibroblasts (Fig. 1A) . A similar increase in co-immunoprecipitation was observed following UV exposure (Fig. 1C) . Anti-ATR antibody was also able to immunoprecipitate both Rad9 and RPA, however the interaction of these proteins with ATR did not correlate with PARP activity in the cells (Fig. 2C) .
Since the MMS-induced co-immunoprecipitation was considerably weakened by PARP inhibition (Fig. 2 and 4) , we proposed that PAR-adduction of one or both enzymes was required to facilitate the ATR/PARP-1 interaction. Our experiments demonstrated PAR-adduction of ATR in extracts from control and MMS-treated cells, and that this modification was blocked by treatment with a PARP inhibitor (Fig. 6) . Studies in vitro with recombinant proteins confirmed that ATR is a substrate for poly(ADP-ribosyl)ation by PARP-1 (Fig. 7) . Additionally, when using purified proteins, poly(ADP-ribosyl)ation of PARP-1 and ATR resulted in an increase in PARP-1 and ATR co-immunoprecipitation confirming that PARadduction did enhance formation of the ATR/PARP-1 complex (Fig. 8) . This enhanced interaction following PAR formation became especially apparent as the salt concentration in the binding buffer was increased (Fig. 8C) . Co-immunoprecipitation of PARP-1 and ATM has been demonstrated [25] , and it was proposed that PAR mediates the interaction between ATM and PARP-1 via specific PAR-binding domains in ATM [26] .
Exposure of wild-type mouse fibroblast cells to a low concentration of MMS in the absence of a PARP inhibitor does not result in an ATR-mediated S-phase checkpoint [7] . Thus under conditions of normal poly(ADP-ribosyl)ation, and when MMS-induced damage can be efficiently repaired, an interaction of ATR and PARP-1 is observed by co-immunoprecipitation (Fig. 4B) and ATR activation does not occur (Fig. 5) . The results suggest that ATR-mediated signaling is prevented by PARP activation, PAR-adduction of ATR, and the interaction of ATR and PARP-1. Conversely, in the presence of a PARP inhibitor and in the absence of PAR synthesis, the ATR/PARP-1 interaction is prevented (Fig. 4B) and ATR-mediated signaling is initiated (Fig. 5) . Also of interest is the observed activation of Chk1 in the absence of an interaction between ATR and PARP-1 occurring after a highly toxic dose of MMS without PARP inhibitor (Fig. 4B and Fig. 5 ). Again, activation of the damage signaling pathway is observed in the absence of complex formation. These results are in contrast to the situation with ATM, where optimal activation of a response to DNA damage requires PAR synthesis and ATM/PARP-1 complex formation, and is delayed in cells treated with a PARP inhibitor [25, 26] . It should be noted that the S-phase checkpoint was not observed in PARP-1 -/-cells following exposure to a similar concentration of MMS plus 4-AN [7] , suggesting that activityinhibited PARP-1 protein is required for triggering ATR-mediated signaling. The relationship between the ATR and PARP-1 interaction and the mechanism(s) accounting for ATR signaling remain to be elucidated. Effect of PARP-1 gene deletion on co-immunoprecipitation of ATR and PARP-1 from mouse fibroblast cell extracts. Cell extracts were from PARP-1 +/+ cells or isogenic PARP-1 -/-genedeleted cells, and cell treatments were as described in Figure 2 Effect of poly(ADP-ribosyl)ation on co-immunoprecipitation of purified ATR and PARP-1. Purified ATR and PARP-1 proteins were pre-incubated for 30 min in a ribosylation reaction mixture, either without NAD + (-NAD+) or with NAD + (+ NAD + ) as described under "Materials and methods." After the pre-incubation, reaction mixtures were subjected to the usual co-immunoprecipitation protocol in buffer containing 100 mM NaCl. (A) Immunoprecipitation (IP) with anti-PARP-1 antibody and (B) with anti-ATR antibody, and immunoblotting (IB) with anti-ATR, anti-PARP-1 or anti-PAR, as indicated. The migration of unmodified PARP-1 and ATR proteins in the SDS-PAGE system are indicated in the bottom panels of (A) and (B), and correspond to 116 and 300 kDa, respectively. (C) Following pre-
